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The NMDA receptor, one of the two major ionotropic glutamate receptors, has been proposed to play fundamental roles in
the survival, migration, differentiation, and activity-dependent maturation of neural cells. The NR1 gene encodes the major
subunit that is responsible for channel function, and NR1 2/2 mice die at birth, inhibiting the study of glutamate signaling
in postnatal neurons. The properties of cells lacking the NR1 subunit of NMDA receptors were studied by transplanting
dissociated telencephalic, diencephalic, and mesencephalic cells of E14 mouse embryos with a targeted deletion of the NR1
gene into the ventricles of embryonic rats using intrauterine transplantation (Bru¨stle et al., 1995, Neuron 15, 1275–1285).
The transplanted cells took part in the normal development of the host brain where they survived after migration into a
large number of brain structures. Morphological and immunohistochemical analysis suggests that NR1 2/2 cells can
differentiate normally in these sites. The results provide evidence that NMDA-receptor-initiated signals are not required for
the postnatal differentiation and survival of many types of neurons in the central nervous system, in a noncell autonomous
fashion after transplantation into a wild-type environment. © 2001 Academic Press
Key Words: neural precursors; transplantation; in utero; NMDA receptor; knock-out mouse; survival; migration;
differentiation; neurons; glia.d
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aINTRODUCTION
NMDA receptors are an abundant, intensely studied
subtype of glutamate receptors with a multitude of func-
tions ranging from embryonic development of neurons
(Blanton et al., 1990) to aging (Cepeda et al., 1996). NMDA
receptors play a central role in current models of short-term
synaptic plasticity (Bliss and Collingridge, 1993). They have
also been assigned functions in a wide range of other
synaptic and cellular processes. Very widely discussed
among these are, for example, the migration of immature
neurons (Komuro and Rakic, 1993; Rossi and Slater, 1993;
Marret et al., 1996; Messersmith et al., 1997). In addition
here have been major reports about neuronal survival as
inked to apoptotic events (Ikonomidou et al., 1999) and the
ifferentiation of neural cells (Wu et al., 1996): Ikonomidou
nd colleagues describe massive neuronal apoptotic cell
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eceptors in a critical postnatal developmental period. An-
ther role is well established in synapse formation and their
ubsequent elimination (Constantine-Paton et al., 1990;
urand et al., 1996). An additional intense field of study is
heir role in excitotoxicity (Choi, 1992; Doble et al., 1995).
Traditionally, the analysis of NMDA-receptor function
as involved the application of agonists, such as NMDA, or
ntagonists, such as MK-801 or APV, and data obtained
ith pharmacological tools continue to play a role in
nalyzing NMDA-receptor function (Bannerman et al.,
995; McAllister et al., 1996; Ikonomidou et al., 1999).
hese approaches suffer from a number of disadvantages,
otably a lack of specificity. It has recently been demon-
trated that antagonists also interfere with a putative aspar-
ate receptor (Yuzaki et al., 1996a), and agonists with
-type calcium channels (Chernevskaya et al., 1991), thus
ntroducing uncertainty into the interpretation of results.
ong-term application in vivo has been difficult to achieve,
ith uncertainty as to the precise area of antagonist action
nd actual concentration.
Gene targeting by homologous recombination in mouse
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104 Maskos, Bru¨stle, and McKayembryonic stem cells (Capecchi, 1989) is a promising alter-
native to circumvent problems encountered with pharma-
cological agents and to increase specificity in the analysis of
receptor functions. However, the targeted inactivation of
the NR1 subunit (Forrest et al., 1994; Li et al., 1994) results
in perinatal death of mice homozygous for the mutation
precluding analysis at the more interesting later stages of
neuronal development and function.
A number of different technical approaches are being
developed to more precisely define the role of NMDA
receptors in the developing and adult nervous system. A
recent study (Tsien et al., 1996b) used Cre recombinase-
mediated region-specific inactivation of the NR1 subunit in
the CA1 subfield of the hippocampus, but the inactivation
is achieved only at postnatal day 29, which precludes the
analysis of lack of function in embryonic and early postna-
tal development and is limited to a circumscribed area.
Another strategy for studying the effects of lethal muta-
tions is the analysis of chimeric animals where the survival
is assured by a sufficiently large number of wild-type cells.
An approach aiming at the region-specific introduction of
neural cells into the brains of rats has been developed
recently. Using intrauterine transplantation of neuroepithe-
lial precursor cells (Bru¨stle et al., 1995), chimaeric brains
can be created with contributions from cells with a differ-
ent genetic background. The phenotypes of cells without
functional NMDA receptors in the brains of animals that
survive and develop normally can thus be studied. These
transplanted cells are identified by genetic labeling with
lacZ. At the same time it is possible at single-cell resolu-
tion to address the question of the site of NMDA-receptor
action: only labeled cells are deficient in NMDA-receptor
function and can be compared with their wild-type neigh-
bors. Indirect effects of antagonist action on supporting
cells, e.g., in neuronal migration, can thus be eliminated.
Cell culture has also been used to analyze the differen-
tiation of neurons derived from NR1 2/2 embryos. Pur-
kinje cell survival is impaired in the absence of NMDA-
receptor function (Yuzaki et al., 1996b). In contrast,
cultured forebrain neurons survive in greater numbers in
the absence of NMDA receptors (Okabe et al., 1998). The
limited nature of these data show that there are still many
unanswered questions about the role of NMDA receptors in
neuronal development and function.
MATERIALS AND METHODS
Knock-out mice. Mice heterozygous for the inactivation of the
NMDA R1 subunit (NR1 1/2) were obtained from D. Forrest and
. Curran (Forrest et al., 1994). In transplantation studies it is
important to unequivocally identify the grafted cells in the host
brains. The NMDA R1 mutation was therefore bred into the
homozygous ROSA26 background (Friedrich and Soriano, 1991) by
two rounds of matings to express a genetic lacZ marker in cells
derived from these animals:
In the parental generation heterozygous NMDA R1 mutants
(NR1 1/2) were crossed with homozygous ROSA26 mice contain-
Copyright © 2001 by Academic Press. All righting the integration of the b-geo transgene in both alleles (T1/1).
All F1 mice are heterozygous at the ROSA locus (T1/2), and the
50% NR1 heterozygotes were crossed back to ROSA26 homozy-
gotes. Twenty-five percent are homozygous at the ROSA26 locus
and heterozygous NR1 and were used for the experiment.
The following mating scheme was employed in the transplanta-
tion: Males homozygous at the ROSA26 locus and NR1 heterozy-
gous were mated with superovulated NR1 heterozygous females.
Approximately 25% of the resulting embryos are NR1 homozygous
knock-outs and were used in the present study. All resulting F1 are
heterozygous at the ROSA26 locus. This is important in ensuring
that the resulting phenotypes are not consequences of the inacti-
vation of the endogenous ROSA26 locus. Homozygous ROSA26
animals are developmentally retarded, smaller, and less fertile than
heterozygotes that have been verified to not differ from wild-types
in any of the aspects analyzed in this study (U. Maskos, unpub-
lished observations).
Genotyping of embryos. A total of 72 embryos were recovered
at E14. Brains were removed from the head and freed of the
meninges. For the analysis of homozygous knock-out animals, it
was important to unequivocally establish the genotype of the
embryos. Therefore, a PCR method was developed, tested, and
optimized in several trial runs that would give 100% reliability,
utilizing the fast and fully reproducible amplification of a fairly
short band:
A leg was removed, and DNA extracted and genotyped in a rapid
PCR technique to minimize the loss of vitality of the tissue. The
leg was put into a solution of 25 ml of 50 mM Tris–HCl (pH 8)/20
mM NaCl/1 mM EDTA/1% SDS/20 mg proteinase K, then heated
or 10 min at 55°C. Added was 200 ml of distilled water and the
solution was boiled for 10 min. For a PCR reaction, 2 ml were used
25 pmol primer, 0.2 mM nucleotide, 2 mM MgCl2, Boehringer
buffer, 0.2 units Taq Polymerase/Boehringer, 35 cycles).
For the detection of homozygous knock-out animals, primers for
an exon of the NR1 gene were used, which would result in the
presence of a short, readily amplifiable band in wild-types, and the
absence of this band in knock-outs (Fig. 1A). This analysis was
carried out on a total of 60 embryos. To distinguish between
heterozygous and wild-type animals, three primers were used in
the same reaction, viz., one recognizing the first exon of the NR1
gene which is deleted in the knock-out, one recognizing the first
intron, and one recognizing the neo gene integrated into the
inactivated locus (Forrest et al., 1994). Wild-type animals will thus
only show the NR1 specific band, whereas heterozygotes will have
an additional band deriving from the neo gene (Fig. 1B). This
analysis was carried out on a total of 12 embryos. Amplification
was for 35 cycles with 30 s each for denaturation, annealing, and
elongation.
From another leg DNA was extracted by standard procedures
(Laird et al., 1991) after the transplantation, digested with XhoI/
HindIII, blotted, and hybridized with a probe 39 of the targeted
locus (Forrest et al., 1994) to confirm the PCR results of all the
embryos used in subsequent intrauterine transplantation (Fig. 1C):
The 12 animals used were confirmed to be homozygous knock-
outs; four transplant donors were confirmed as heterozygous, and
three animals were confirmed as wild-type.
Intrauterine transplantation. Animals were grouped according
to genotype. The brains of pools of animals with the same genotype
(two pools of six for homozygous knock-outs) were enzymatically
dissociated and transplanted into the ventricles of embryonic rats
essentially as described (Bru¨stle et al., 1995). Briefly, pregnant mice
were sacrificed at day 14 of gestation by cervical dislocation; the
s of reproduction in any form reserved.
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105In Utero Transplantation of NMDA R1 2/2 Cellsembryos were removed, and the fetal brains were dissected using a
stereomicroscope. Brains excluding the rhombencephalon were
pooled in ice-cold Hanks’ balanced salt solution (HBSS) containing
1 g/l glucose, enzymatically digested (0.125% trypsin, 0.1% DNase
in HBSS, 10 min at room temperature), and gently triturated to
obtain a single-cell suspension. Cell viability routinely ranged
between 80 and 95% as determined by the trypan blue exclusion
method. Timed pregnant Sprague–Dawley rats were anesthetized
(80 mg/kg ketamine–HCl/10 mg/kg xylazine) and placed on a 37°C
mat. The uterine horns were exposed, and the telencephalic
vesicles of the embryos identified under transillumination. 0.1–1 3
106 cells (0.1 3 106 cells/ml HBSS) were injected into the telence-
phalic vesicle using a glass capillary. Fluorescent microspheres
(Renfranz et al., 1991) were coinjected to allow easy visualization
of successfully transplanted brains, and two different colors, FITC
and rhodamine, were used to distinguish wild-type and knock-out
transplants. They also served as markers for the actual transplant
location in the ventricular system of the rats and of clusters in a
periventricular location. Injected embryos were placed back into
the abdominal cavity for spontaneous delivery. The percentage of
live-born transplanted animals was larger than 90% for E18 recipients.
The rats were allowed to deliver naturally, and their pups were
FIG. 1. (A) Rapid PCR analysis of embryos to identify homozy-
ous knock-outs. DNA was extracted from 60 embryos recovered
nd amplified by primers specific for a 330 base pair fragment of the
MDA R1 gene. An absence of the band is indicative of a
omozygous knock-out, NR1 2/2. The two-panel figure shows the
esults of all 60 embryos, and 12 knock-outs were identified, which
s close to the 25% expected. (B) PCR analysis of a subset of 12
mbryos to distinguish between wild-type and heterozygous ani-
als. Three primers were used on a subset of embryos to distin-
uish between NR1 1/2 and NR1 1/1 animals using three
oligonucleotides. The upper band at 1000 bp denotes a NMDA R1
allele; the lower band at 500 bp denotes the inactivated allele,
indicative of a heterozygous embryo. The panel shows four het-
erozygotes and eight wild-types, and two control lanes without
DNA. (C) Confirmation of the rapid PCR results. After the trans-
plantation DNA was extracted from the embryos actually used for
transplantation and all the PCR results were verified by standard
Southern blotting. The filter was probed with a sequence that
distinguishes between the endogenous (upper band) and inactivated
allele (lower band). The arrows point to corresponding animals: the
12 knock-outs identified in Fig. 1A are shown with their blot
results in Fig. 1C, and the animals used and identified in Fig. 1B are
represented with their blot results in Fig. 1C.allowed to grow up and then were anesthetized for transcardial
Copyright © 2001 by Academic Press. All rightperfusion after 9, 15, 22, and 44 days. The analysis as carried out
below was on a total of 37 rats transplanted with knock-out cells,
and nine rats transplanted with heterozygous and wild-type cells,
respectively.
Analysis of brains. The heads of stillborn pups were carefully
opened with tweezers to expose the brain and fixed by immersion
in fixative for several days. The remaining animals were sacrificed
at ages P0, P9, P15, P22, and P44 for transcardial perfusion with
fixative containing 4% freshly made PFA or 2% PFA with 0.2%
glutaraldehyde, 2 mM MgCl2, 5 mM EGTA, 0.1 M Pipes pH 6.9.
rains were postfixed in toto in fixative, embedded in agarose, and
cut into 50-mm sections on a vibratome. For X-Gal histochemistry
sections were permeabilized in PBS, 2 mM MgCl2, 0.01% sodium
deoxycholate, 0.01% NP-40, followed by incubation in 5 mM
K3Fe(CN)6, 5 mM K4Fe(CN)6 z 3H2O and 1 mg/ml X-Gal (Sigma) at
7°C for 8 h in the same solution. X-Gal histochemistry typically
roduced several strongly labeled granula within the perikaryon of
onor-derived neurons and fainter signal in the major dendrites.
Immunohistochemistry. For further stainings sections were
ncubated after blocking with 10% normal goat serum for 2 days at
°C with primary antibody followed by corresponding secondary
ntibodies to allow visualization by the DAB method (Vectastain)
r double immunofluorescence. Antibodies used were against
a-actinin (Upstate; 1:250 dilution), calbindin-D28k (Sigma; 1:250),
MAP-2 (Sigma; 1:250), M6 (a gift of C. Lagenaur; 1:10), NR2AB and
GluR2 (a gift of R. Wenthold; 1:100), and polyclonal and monoclo-
nal b-gal (Kappel and Promega; 1:500). Confocal images were taken
n a Zeiss 510 LSM.
Electron microscopy. Transplanted rats that had been allowed
o grow up to P9 or P15 were perfused with freshly made and
ltered 2% PFA/0.2% glutaraldehyde, as described above, postfixed
vernight in toto, cut into 50-mm vibratome sections, and incu-
bated in X-Gal solution without the use of NP-40. The sections
were reacted with osmium tetroxide. Dehydration was carried out
in ascending series of ethanol and subsequently acetone. The
sections were embedded in epon, cut in 50-nm ultrathin sections,
and visualized on a Siemens transmission electron microscope.
Cell counts. On selected sections double-stained with neuron-
specific and anti b-gal antibodies a total neuronal number was
btained by counting all neuronal nuclei (large droplet shaped
uclei) in the 403 field of view of a confocal microscope. A fraction
as then calculated by counting the number of cells stained with
MDA-receptor subunit specific antibodies (Table 1). For
albindin-stained sections the number of calbindin-positive neu-
ons was determined and a fraction calculated from an average
umber of neurons per 403 confocal field (Table 1).
ABLE 1
uantification of Neuronal Profiles in
ransplant-Derived Clusters
Knock-out Wild-type
NR2 positive 40 45 33 20 35 27
Total number 40 52 39 25 35 29
Calbindin positive 2 3 1 2 2 2
Total number 45 48 35 38 39 45
Note. Sections were stained with antibodies to NR2AB and
calbindin, and positive profiles were counted. Then the total
number of neurons in the cluster was determined.
s of reproduction in any form reserved.
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106 Maskos, Bru¨stle, and McKayTo obtain quantitative data on the integration of transplanted
neurons into the brain parenchyma, an average of neuronal number
was calculated for five sections for all different parts of the brain
(Table 2), in analogy to our previous publication (Bru¨stle et al.,
1995).
RESULTS
The details of the preparation of embryos for transplan-
tation, the rapid PCR genotyping of embryos before trans-
plantation (Figs. 1A and 1B), the confirmation by Southern
blotting of the transplanted knock-out cells (Fig. 1C), and
the in utero transplantation procedure and subsequent
analysis of rat transplant recipients are described under
Materials and Methods.
A large number of transplanted mouse NR1 2/2 cells
survived, differentiated into neurons and glia, and formed
large clusters in the rat ventricles and periventricular areas
(Figs. 2A and 2C). Staining with an antibody to the NMDA-
receptor 2AB subunits (Petralia et al., 1994a) (Figs. 2A and
2B) revealed that despite the lack of the NR1 subunit the
cells still expressed other subunits, which allowed us to
visualize the morphology of the cells. In the periventricular
clusters the percentage of cells expressing the 2AB subunits
was very similar for both wild-type and knock-out cells,
higher than 90% (Table 1 and Figs. 2A and 2B), demonstrat-
ing that there is no differential neuronal death occurring in
transplants derived from the NR1 2/2 mice.
Staining for the mouse neural cell-specific surface protein
M6 (Yan et al., 1993; Bru¨stle et al., 1995) revealed a dense
innervation of the clusters and periventricular areas (Figs.
2C and 2D). A dense axonal network, derived from trans-
planted mouse neurons whose axons are specifically recog-
nized by the M6 antibody in the wild-type rat background,
could also be observed in the host corpus callosum (Fig. 2E),
and from there innervating the cortex. To provide un-
equivocal proof of the transgenic labeling procedure em-
TABLE 2
Quantification of lacZ-Labeled Neuronal Profiles Integrated into
Different Brain Regions, Grouped According to Genotype
Integration site Knock-out Heterozygous Wild-type
Cortex 98 10 32 46 47 15 49 27
Hippocampus 45 1 12 13 18 58 12 75
Striatum 5 2 18 18 5 25 7 10
Septum 2 3 15 12 10 1 13 8
Thalamus 5 17 12 0 20 22 98 2
Hypothalamus 2 19 5 0 0 15 5 6
Central gray 5 75 15 2 7 1 22 40
Inferior colliculus 11 12 10 25 2 3 40 13
Dorsal pons 2 4 22 15 8 10 18 202
Note. The analysis was carried out as in (Bru¨stle et al., 1995).ployed, electron microscopy was carried out (Figs. 2F and s
Copyright © 2001 by Academic Press. All right2G) to identify the precise subcellular location of the
employed lacZ. Figure 2F shows a typical neuron from a
cluster with its characteristic, less than micron-sized lacZ
signal in a perinuclear, endoplasmic reticulum-type subcel-
lular location that is highlighted in a higher power analysis
in Fig. 2F.
Transplanted neurons could be found and unequivocally
identified by their characteristic lacZ signal in histochemi-
cal or immunohistochemical procedures, in most telence-
phalic, diencephalic, and mesencephalic structures (Fig. 3),
demonstrating that migration of knock-out cells is not
severely affected. In every single brain analyzed there was a
bilaterally symmetrical integration of neurons into all re-
gions analyzed. Figures 3A and 3B give an example of
bilaterally symmetrical integration of transplant-derived
neurons into the two CA1 subfields of the hippocampus of
the same 50-mm vibratome section. In this area cells ex-
ress the highest levels of NMDA receptors (Monyer et al.,
994). This symmetrical integration argues against any
nspecific placement of cells by the transplantation proce-
ure and supports the active migration of transplanted cells
rom the subventricular zone to their different destinations
n accordance with a neurogenesis-dependent time course
lready described in our previous publication (Bru¨stle et al.,
995). For an extensive quantitative analysis of trans-
lanted brains, see below.
Colocalization of lacZ and NMDA-receptor 2AB subunits
Petralia et al., 1994a) by antibody staining and analysis at a
onfocal microscope revealed that despite the lack of the
R1 subunit the cells still expressed these other subunits
n areas where cells have the highest density of NMDA
eceptors, viz., pyramidal cells in cortex (Fig. 3C). In this
nd the following images another method was employed to
nequivocally identify neurons that had actively migrated
way from their placement site in the lateral ventricle: as
ad been pointed out in Fig. 2B, fluorescent microspheres
ad been coinjected with the neural precursors, and
eriventricular clusters are heavily bead-labeled. In all
xamples shown in Fig. 3, and also for the exhaustive
uantification of neuronal integration, see below, only
reas that showed absence of coinjected bead label were
nalyzed.
The transplanted neurons, having migrated away from
he ventricular placement site, extend dendrites that stain
or dendritic markers such as MAP-2 in strong contrast to a
ecent study on the development of neuronal precursors
fter application of an excess of glutamate receptor agonists
Marret et al., 1996): Fig. 3D shows an example of a
yramidal cell in the cortex known to express high levels of
MDA receptors (Petralia et al., 1994b).
The expression of another cytoskeletal protein important
or the dendritic localization of NMDA receptors (Wyszyn-
ki et al., 1997) was studied with a mouse monoclonal
ntibody against a-actinin. The transplanted neurons ex-
ibit both cytoplasmic and dendritic labeling indistinguish-
ble from cells with functional NMDA receptors: Fig. 3E
hows transplanted cells that migrated into the CA1 sub-
s of reproduction in any form reserved.
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107In Utero Transplantation of NMDA R1 2/2 Cellsfield of the hippocampus and differentiated into hippocam-
pal pyramidal neurons.
Since the NMDA receptor acts as a calcium channel, it
was considered possible that other receptors implicated in
calcium entry into dendrites might be differentially regu-
lated in neurons lacking functional NMDA receptors. The
GluR2 subunit of the AMPA subtype of glutamate receptors
confers a selective block to calcium flux through AMPA
receptors (Brusa et al., 1995). A differential regulation of the
calcium permeability of AMPA receptors would therefore
lead to a reduction in the content of GluR2. Staining with
an antibody that specifically recognizes GluR2 resulted in
strong labeling of somata and dendrites in lacZ-positive
NR1 2/2 neurons that at the level of quantification pos-
ible with immunohistochemical techniques was not dif-
erent from wild-type cells: Fig. 3F shows a number of
ransplanted cells that migrated into the CA1 region of the
ippocampus and differentiated into CA1 pyramidal cells,
ells that express very high levels of NMDA receptors
Monyer et al., 1994).
To further investigate the expression pattern of genes
nvolved in calcium homeostasis in neurons, an antibody
gainst the calcium binding protein calbindin-D28k (Slov-
ter, 1989) was used. The percentage of transplanted neu-
ons stained, less than 5% (Table 1), was of the same order
f magnitude as for controls. Stained neurons exhibit the
xpected intense labeling of soma and dendrites: Fig. 3G
hows transplanted calbindin-positive cells that migrated
nto the dentate gyrus of the hippocampus and there differ-
ntiated into hippocampal granule cells that express high
evels of NMDA receptors (Monyer et al., 1994). Figure 3H
hows transplanted calbindin-positive cells that migrated
nto the dorsomedial striatum and differentiated into the
ajor striatal cell type that also expresses high levels of
MDA receptors (Petralia et al., 1994b).
A large number of transplant-derived glia were detected
sing the mouse and glia-specific antibody M2 (Bru¨stle et
l., 1995). They migrated into areas typically occupied by
ild-type glia as determined previously, for example, from
FIG. 2. Phenotypic analysis of transplanted cells in perivent
histochemistry (blue granules) and immunohistochemistry w
(Vectastain). Animal aged P9. (B) Confocal image of part of a per
NMDA R2AB specific antibody (green), an antibody against b-gal
icrospheres (red, asterisks) that mark the sites of placement o
0 mm. Animal aged P9. (C) Periventricular cluster labeled by im
y DAB-peroxidase (Vectastain). Note complete absence of stain
9. (D) Confocal image of part of a periventricular cluster doubl
ntibody against b-gal (green–yellow granules, arrows). Animal a
orpus callosum labeled by immunohistochemistry with the m
ntibody. Animal aged P15. (F) Electron microscopic analysis
alidate the transgenic labeling method employed. The arrow po
9. (G) High-power electron micrograph demonstrating the typic
f the X-Gal granule used to identify transplanted cell. Scale bar,
rrows point to X-Gal signal in dendrites and cell bodies.]
Copyright © 2001 by Academic Press. All righteriventricular areas into cingulate cortex (Fig. 3I) and from
he IV. ventricle into the tectum (Fig. 3J). A lack of NMDA
eceptors does thus not interfere markedly with glial sur-
ival, migration, and differentiation despite the expression
f NMDA receptors by certain types of glia (Petralia et al.,
994b; Luque and Richards, 1995; Wang et al., 1996) and
heir postulated involvement in migration (Wang et al.,
996).
Table 2 gives a detailed quantitative analysis of neuronal
ntegration of lacZ-labeled wild-type, heterozygous, and
nock-out cells into brain parenchyma. Five sections for all
he different brain regions indicated were stained with
-Gal, all the neuronal profiles counted, and an average
umber calculated per section. Neuron numbers vary to a
ertain degree within the same group of the same genotype,
s is the case for the four knock-outs, and the two heterozy-
ous and wild-type animals quantified that can be grouped
ogether. The number of neuronal profiles is of the same
rder of magnitude in all areas analyzed.
DISCUSSION
There is a huge demand for the development of methods
that allow the analysis of transgenic and knock-out mice
with lethal or uninformative phenotypes. Cre recombinase-
mediated inactivation (Tsien et al., 1996a) is a promising
approach but is still in its infancy and so far limited to a
very small number of systems. Using transgene-mediated
expression of Cre is inherently unreliable as it depends to a
large extent on the locus of integration and the generation
of a large number of lines is necessary to obtain the desired
pattern.
Intrauterine transplantation has obvious advantages: ex-
isting lines of mice can be used directly without the need to
repeat the generation of animals carrying loxP sites. Intra-
uterine transplantation is also very efficient in that the
majority of transplanted embryos carry integrated cells.
Since the mutation is present from the zygote stage, devel-
lar areas. (A) Periventricular cluster double-labeled by X-Gal
MDA R2AB specific antibody followed by DAB-peroxidase
tricular cluster triple-labeled by immunohistochemistry with a
e granules, arrow), and coinjected rhodamine-labeled fluorescent
nsplanted cells in the ventricular system of the rats. Scale bar,
ohistochemistry with the mouse-specific M6 antibody followed
the rat-derived tissue at the top left of the image. Animal aged
eled by immunohistochemistry with the M6 antibody (red) and
P9. (E) Axons derived from transplanted cells running along the
specific M6 antibody followed by Texas Red-labeled secondary
transplanted neuron from a separate wild-type experiment to
o the electron-dense lacZ granule. Scale bar, 1 mm. Animal aged
erinuclear, endoplasmic reticulum-type subcellular localization
nm. [Scale bars: 50 mm, unless otherwise indicated in the figure.ricu
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109In Utero Transplantation of NMDA R1 2/2 CellsFIG. 3. Phenotypic analysis of transplanted cells after specific migration into telencephalic, diencephalic, and metencephalic structures. (A, B)
he two CA1 subfields of the same 50-mm vibratome section showing integration of cells that migrated in a bilaterally symmetrical manner from
he telencephalic vesicles. Cells are identified by X-Gal histochemistry (blue granules) and the section stained by immunohistochemistry with
MDA R2AB-specific antibody followed by DAB-peroxidase (Vectastain). Animal aged P22. (C) Confocal image of transplanted cells that
igrated into cortex, expressing NR 2AB, double-labeled with an antibody against b-gal (green–yellow granules, arrow). Animal aged P15. (D)
onfocal image of a transplanted cell that migrated into cortex, expressing MAP-2 in its apical dendrite (red) double-labeled with an antibody
gainst b-gal (green–yellow granule, arrow). Arrowheads mark the apical dendrite that is strongly positive for MAP-2. Animal aged P22. (E)
Confocal image of transplanted cells that migrated into the CA1 subfield of the hippocampus, expressing a-actinin in their dendrites (red,
arrowheads) double-labeled with an antibody against b-gal (green–yellow granules). Arrowheads mark the dendrite of the hippocampal pyramidal
ell that is strongly positive for a-actinin. Animal aged P22. (F) Confocal image of transplanted cells that migrated into the CA1 subfield of the
ippocampus, expressing the GluR2 subunit of the AMPA receptor (red) double-labeled with an antibody against b-gal (green–yellow granules).
Animal aged P22. (G, H) Confocal image of transplanted cells that migrated into the dentate gyrus (G) and the mediodorsal striatum (H),
expressing calbindin-D28k (red) double-labeled with an antibody against b-gal (green–yellow granules). Animal aged P9. (I, J) Macroglia (arrow
eads) migrating from a periventricular cluster into cingulate cortex (I), and from the IV. ventricle into the tectum (J). They are labeled by
mmunohistochemistry with the mouse glia-specific M2 antibody followed by Texas Red-labeled secondary antibody. The asterisks mark the
ocation of the clusters with the clearly discernible coinjected fluorescent microspheres. Animal aged P9. Scale bars, 50 mm. [Scale bars: 20 mm,unless otherwise indicated in the figure. Arrows point to X-Gal signal in dendrites and cell bodies.]
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110 Maskos, Bru¨stle, and McKayopmental effects of the mutation can be studied. Adding
knock-out cells to a wild-type environment allows compe-
tition between the two populations to take place and can
under certain circumstances reveal additional phenotypes,
which will be relevant for the study of “uninformative”
knock-outs, i.e., gene-targeted mice without obvious phe-
notypes probably because of compensatory mechanisms.
The rapid and reliable PCR method developed in the
present study for the genotyping of homozygous knock-outs
with tissue taken from embryos is generally applicable to
recessive phenotypes when it is necessary to mate heterozy-
gous animals. As it is of utmost importance to ensure
survival of the tissue used in transplantation, every step in
the genotyping procedure had been optimized, and thus a
reliable result, 100% confirmed by Southern blotting, could
be obtained in a total of 3 h. The quantification of neuronal
profiles demonstrates that integration numbers of the same
order of magnitude could be obtained in this much more
complex experiment, as in the straightforward transplanta-
tion of wild-type cells in a previous publication (Bru¨stle et
l., 1995).
We have applied this technique to identify neuroepithe-
ial precursors lacking functional NMDA receptors and
hown that these cells show long-term survival, migrate,
nd differentiate efficiently in a wild-type environment
fter intrauterine transplantation. Survival was not limited
o neurons not expressing NMDA receptors as shown by
he fact that a majority, approximately 90%, of transplanted
ells also expressed the NMDA R2AB subtypes. Trans-
lanted cells even migrated into the hippocampus, in a
lassical bilaterally symmetrical manner, where the highest
ensities of NMDA receptors are found (Monyer et al.,
994).
That the present work demonstrates the survival of NR1
/2 cells in large numbers into adulthood in a wild-type
nvironment merits special comment: In a recent major
aper (Ikonomidou et al., 1999) it was shown that pharma-
ological blockade of NMDA receptors leads to widespread
nd massive (up to 25% of total neuronal number) apoptotic
eath of developing neurons in the critical developmental
indow analyzed here, i.e., P0 to P22.
The efficient differentiation of transplanted neurons is
emonstrated by high-level expression of M6, an axonal
lycoprotein intimately involved in axonal function (Figs.
C, 2D, and 2E). This mouse-specific marker can be put to
ood use in this cross-species transplantation model. The
ransplanted cells have fully developed dendrites as deter-
ined by immunohistochemical analysis of proteins in-
olved in dendritic function and receptor localization (see,
or example, Figs. 3C–3H) that notably stain for MAP-2, in
trong contrast to a recent study on the aberrant develop-
ent of neural precursors after application of an excess of
lutamate-receptor agonists (Marret et al., 1996). Marret et
l. observed a connection between calcium entering the
oma and dendrites through NMDA receptors and the
unction of dendritic proteins such as MAP-1, -2, and -5. An
xcess of calcium led to the disappearance of those proteins
Copyright © 2001 by Academic Press. All rights determined by immunohistochemistry. This study
hows that lack of NMDA-receptor-mediated calcium entry
oes not affect microtubule-associated proteins detectably.
The expression and distribution of proteins involved in
he regulation of neuronal calcium, such as GluR2 and
albindin-D28k (Figs. 3F, 3G, and 3H), was normal in NR1
/2 neurons, indicating that the absence of calcium enter-
ng through NMDA receptors does not affect the expression
nd localization of these neuronal-calcium associated pro-
eins as detected by immunohistochemistry. As this tech-
ique does not allow fine-tuned quantification, minor dif-
erences in expression levels cannot be distinguished, and
hus small changes in the regulation of these proteins
annot be excluded.
Unlike previous work on granule cells in the cerebellum
Komuro and Rakic, 1993; Rossi and Slater, 1993), a lack of
MDA receptors does not grossly interfere with migration.
his absence of a clear-cut difference in the migration
ehavior of cells lacking functional NMDA receptors has
een established by extensive quantitative analysis of trans-
lanted brains (Table 2). In the four knock-out transplants,
nd the two wild-types and two heterozygotes that can be
rouped together, neuronal integration profiles of the same
rder of magnitude have been determined in analogy to a
trategy already used in our previous publication (Bru¨stle et
l., 1995). As there is brain-to-brain variation within ani-
als of the same group, e.g., the knock-outs, and also in
etween the control group, no statistically significant dif-
erence in the overall pattern of integration is discernible.
s had already been pointed out previously, intrauterine
ransplantation lends itself to answering fundamental
es/no questions, as in this case the general migration
apacity of knock-out cells, but does not allow a fine-tuned
nalysis of numbers due to the variation in between ani-
als.
An explanation for differences between the Rakic group
nalysis and the present work could be inherent differences
n the behavior of metencephalic cells and the more rostral
ypes used in the current study, or differences stemming
rom the experimental technique using slices as compared
ith the present in vivo approach. A potential difference in
he requirements of metencephalic and telencephalic cells
as been found in cell culture systems: Whereas Yuzaki et
l. (1996b) observed a requirement for NMDA-receptor
unction in Purkinje cells to enhance their survival in vitro,
study from this laboratory using hippocampal precursors
ound increased survival in cells isolated from NMDA R1
nock-out mice (Okabe et al., 1998).
This is further supported by another recent study of
elevance. Messersmith et al. (1997) carried out 3H-
thymidine labeling of dividing cortical neurons of NR1
knock-out and wild-type embryos by systemic injection
into the mother at E13.5. Comparing the distribution of
radioactive label in the cortex of the two groups on days
14.5 and 16.5 of gestation did not reveal any significant
difference, given that they also find intragroup variation in
their animals. They conclude that cortical neurons prob-
s of reproduction in any form reserved.
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lack of NR1.
The major finding, that cells without NMDA receptors
can survive in large numbers, migrate, and differentiate,
addresses the issue of whether the effects of NMDA recep-
tors on developmental processes act directly on the
dividing/migrating/surviving/differentiating cells them-
selves, or act indirectly through some other cell type (e.g.,
more mature neurons that were born earlier). Taken to-
gether with previous findings that alterations in NMDA-
receptor activity produces changes in migration or survival
of cells, our finding seems to show that the NMDA recep-
tors involved in this modulation are on cells other than the
immature migrating cells themselves. We feel this is an
important question and one that has not been addressed
very well in the previous developmental NMDA-receptor
studies.
Those papers addressing the role of NMDA receptors in
developmental processes do not appear to contradict our
findings. The Rakic group migration papers show NMDA-
receptor effects on migration, but the only evidence that the
effect could be direct is that calcium levels fluctuate during
migration, which could be produced by many mechanisms
other than NMDA-receptor calcium channels.
The Rossi and Slater paper shows an increase in NMDA-
receptor activation from the external germinal layer to the
migratory zone, but also shows an increase in NMDA-
receptor activation from the migratory zone to the internal
granular layer. The finding that there is some level of
NMDA-receptor activation in migratory cells is consistent
with a role in migration, but it is only a correlation and
could also be an increase in expression of NMDA receptors
that will be needed to play a role later in development.
Gould and colleagues (1994) showed that NMDA-receptor
antagonists increase cell division and cell death and appar-
ently change the direction of migration in the developing
dentate gyrus in vivo, once more suggesting a role for NMDA
eceptors in many developmental processes, but it was not
stablished whether the NMDA receptors producing these
ffects are located on the affected cells themselves.
In addition, we also observed no difference in the distri-
ution and migration pattern of transplant derived glia
Figs. 3I and 3J). It is therefore possible that reports on the
abeling of glia in immunohistochemical NR1 staining
epresent indeed either a cross reaction with a glial antigen,
he presence of nonfunctional receptors, or the nonessential
ature of glial NMDA receptors in migration.
In summary, we have shown that intrauterine transplan-
ation allows the efficient introduction of neural cells
erived from gene-targeted mice into the brains of rats.
ogether with the rapid PCR technique for the identifica-
ion of homozygous knock-out embryos, achieved in less
han 3 h, it could find widespread application given the
rowing number of genes implicated in brain development
nd function that are being inactivated in mice.
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